in Experimental Procedures. Swarmer cells were isolated and allowed to proceed synchronously through the cell cycle. Immunoblot assays were performed on samples of synchronized populations of wild-type cells ( Figure 1A ). CtrA was detected in swarmer cells, disappeared at the swarmer-to-stalked cell transition, and accumulated again at mid S phase.
To test if this pattern of CtrA distribution during the cell cycle is due to temporally regulated proteolysis, we expressed wild-type ctrA from a promoter, PxylX, which is constitutively expressed throughout the cell cycle in the presence of xylose (Meisenzahl et al., 1997) . In cells bearing a PxylX-directed ctrA gene on the pJS14 plasmid as the only copy of ctrA, the cell cycle appeared normal. These cells were synchronized and aliquots were pulse-labeled with [ 35 S]methionine for 5 min and then immunoprecipitated with CtrA antibody ( Figure 1A ). Labeled CtrA was detected throughout the cell cycle in these pulse-labeled cultures, indicating that constitutively transcribed CtrA mRNA was translated throughout the cell cycle. However, when aliquots of the same population of synchronized cells were assayed by immunoblot, the CtrA protein was found to be turned over in a manner identical to wild type ( Figure 1A) . Thus, the pattern of CtrA distribution during the cell cycle is due to temporally regulated proteolysis and control by proteolysis overrides transcriptional regulation.
The relative stability of CtrA in the different cell types was determined by performing pulse-chase experiments with [ 35 S]methionine and by measuring CtrA halflife in pure populations of either swarmer cells or stalked cells ( Figure 1B ). CtrA was stable in swarmer cells, but a sharp decrease in half-life occurred at the swarmer- Inspection of the CtrA C terminus identified a sequence strain, NA1000, and for strain LS2535 that constitutively expresses with similarity to the C-terminal peptide tag encoded by ctrA from the xylose inducible promoter on the pJS14 plasmid the ssrA gene of E. coli (Keiler et al., 1996) . In E. coli, (pXylX::ctrA) in a ctrA chromosomal deletion (⌬ctrA1::spec). Samples of strain LS2535 were taken at the same time points and evaluproteins bearing this sequence are targeted for rapid degradation by C-terminal-specific proteases: Tsp in for 2 min and immunoprecipitating with anti-CtrA sera (CtrA IP), the periplasm (Keiler et al., 1996) and ClpX/P or ClpA/P and anti-flagellin sera (Fla IP), as an internal cell cycle control. Lain the cytoplasm (S. Gottesman et al., personal commubeled CtrA and flagellins were resolved on a 12% SDS polyacrylnication). Mutation of the terminal two alanines in the amide gel.
SsrA tag to aspartates results in a loss of protein turn-(B) The half-life of CtrA was determined in pure populations of swarmer cells or in pure populations of stalked cells in strain LS2535 over (Keiler et al., 1996) . Accordingly, we replaced the constitutively expressing ctrA from the xylose inducible promoter C-terminal alanines of CtrA with two aspartate residues on the pJS14 plasmid (pXylX::ctrA) in a ctrA chromosomal deletion (CtrADD). We also replaced the alanines with two hy-(⌬ctrA1::spec). The half-life of CtrA in these cell types was deterdrophobic valine residues (CtrAVV) or with two polar mined by performing a 2 min pulse with [ for the presence of CtrA by Western blot analysis. The aspartate and serine mutations resulted in the loss of cell cycle-regulated turnover of CtrA, whereas the constability. We further show that deletion of three C-terminal amino acids and the addition of either of two different servative mutation of alanines to valine still allowed turnover. Since valine has a volume and accessible surface peptide tags (CtrA⌬3⍀ and CtrA⌬3M2, described in Experimental Procedures) resulted in stable alleles of CtrA area that are similar to aspartate, and serine to alanine (Creighton, 1993), we conclude that hydrophobicity is ( Figure 2A ). These constructs provided useful nonproteolizable derivatives of CtrA that, because of their larger the important C-terminal determinant of CtrA protein size, can be separated from wild-type CtrA by SDS-PAGE ( Figure 2B ).
In order to determine if CtrA must be phosphorylated to be a substrate for proteolysis, the CtrA phosphorylation site, aspartate 51, was replaced with a glutamate (CtrAD51E). This construct resulted in a CtrA derivative that could not be phosphorylated ( Figure 4B, below) . To test if this mutant protein was turned over during the cell cycle, two strains were constructed. Each had a chromosomal copy of the ctrA⌬3M2 allele (not subject to proteolysis) in place of wild-type ctrA, as an internal control. One strain had a high copy number plasmid bearing the ctrAD51E allele producing nonphosphorylated CtrA, and the other had a high copy number plasmid bearing the wild-type ctrA. In these strains, the plasmid-borne alleles of ctrA have a much higher level of expression than the chromosomal copy, but the difference in size of the CtrA⌬3M2 protein allows its relatively low level of expression to be detected during the cell cycle. Figure 2B shows that both CtrAD51E and wildtype CtrA are turned over during the cell cycle, even when expressed from a high copy number plasmid. In the experiment shown, turnover of wild-type CtrA was somewhat more efficient than turnover of CtrAD51E. These results suggest that it is not essential for CtrA to be phosphorylated to be a substrate for cell cycleregulated proteolysis. However, as described below, the CtrAD51E is an active CtrA derivative and it is possible that an active conformation of the CtrA protein (induced by phosphorylation under normal conditions) is essential for degradation. CtrA is asymmetrically distributed to the progeny cells In order to determine if polarized proteolyis of CtrA 1A), we found that CtrA disappears at the swarmer-tostalked cell transition and reappears in the early prediviin the predivisional cell generates the asymmetry of CtrA, we used immunofluorescence microscopy of synsional cell. In the late predivisional cell, CtrA was preferentially found in the swarmer compartment. In the time chronized populations to examine the subcellular localization of CtrA (green) in individual cells ( Figure 3A) . points examined, approximately 35% of the late predivisional cells showed CtrA staining in the McpA-stained To distinguish the swarmer pole from the stalked pole throughout the cell cycle, we costained with antibodies swarmer compartment but not the stalked compartment. The CtrA stain was never observed solely in the to the swarmer pole marker, the McpA chemoreceptor (red). The McpA chemoreceptor was shown previously stalked pole of these cells. These results demonstrate that the turnover of CtrA in the stalked compartment to be degraded during the swarmer-to-stalked cell transition, to reappear at the new swarmer pole in mid S precedes the completion of cell division. The polarized turnover of CtrA appears to occur primarily after the phase, and to segregate to the swarmer progeny cell upon division (Alley et al., 1993) . Whole cells were also exclusion of the DAPI DNA stain from the division plane ( Figure 3A ), suggesting that CtrA turnover occurs at or stained with DAPI, a DNA stain that in Caulobacter stains the diffuse nucleoid and thus illuminates the bulk of the after the completion of chromosome partitioning but prior to cell division. It is possible that localized turnover cell. As expected from the immunoblot analysis ( Figure of CtrA occurs after completion of the septum, when the cytoplasm between the two compartments is no longer continuous. As a control, we examined the subcellular localization of a stable form of CtrA in synchronized populations of cells. These cells expressed the ctrA⌬3M2 allele from the ctrA chromosomal promoter as the only copy of ctrA. As expected from the immunoblots shown in Figure 2A , CtrA⌬3M2 was present in all cell types and in both poles of late predivisional cells. This is in contrast to staining of the McpA marker, which still displayed polar staining in swarmer cells and the swarmer pole of predivisional cells. Targeted proteolysis is therefore likely to be the basis for the temporal and spatial pattern of distribution of the CtrA protein during the cell cycle.
Activation of the CtrA Response Regulator by Phosphorylation Occurs in Mid S Phase
Cultures of Caulobacter bearing ctrA alleles that encode proteolysis-resistant products, including ctrADD, CtrA⌬3M2, and CtrA⌬3⍀, were viable and exhibited normal cell cycle timing of DNA replication, even in the absence of a wild-type copy of ctrA, suggesting that proteolysis is not the only critical mechanism of CtrA phorylation in response to a signal transduction pathway expressing chromosomal copies of both the ctrA⌬3M2 stable allele (Sanders et al., 1989; Delgado et al., 1993) , and it was and ctrA wild-type, were isolated and allowed to progress synchronously through the cell cycle. Samples taken every 30 min durpreviously shown that phosphorylation of CtrA is reing the cell cycle were pulse-labeled with [ 32 P]H3PO4 for 12 min, quired for its activation . A critical lysed, and immunoprecipitated with anti-CtrA sera. CtrA‫ف‬ 32 P and issue is to determine when during the cell cycle the CtrA is significantly diminished in stalked cells. In vivo phosphorylation and immunoprecipitation of a synchronized strain bearing chromosomal copies of the wild-A Constitutively Active, Stable Derivative of CtrA type ctrA gene and the stable ctrA⌬3M2 allele showed Results in a Dominant G1 Arrest that, even when CtrA was present in the stalked cell due
The regulation of CtrA by temporally controlled phosto a C-terminal mutation (see Western blot panel), it phorylation could account for the fact that loss of prowas not phosphorylated ( Figure 4A ). This experiment teolysis alone does not alter progression in the cell demonstrates that the culmination of the signal transcycle. To investigate this possibility, we required a CtrA duction pathway yielding phosphorylated CtrA does not derivative that was not regulated by phosphorylation, occur in the stalked cell but that phosphorylated CtrA but remained functionally active. Mutation of the conis generated only after the initiation of DNA replication, served aspartate phosphorylation site of response reguin mid S phase.
lators from an aspartate residue to a glutamate residue Because many response regulators are controlled by has been shown in some cases to result in reduced but intrinsic or extrinsic phosphatase activities as well as phosphorylation-independent activity (Klose et al., 1993; kinase activities (Weiss and Magasanik, 1988; Perego Wingrove et al., 1993 of-function allele , closer inspection CtrA‫ف‬ 32 P was very labile with a half-life of less than revealed that CtrAD51E is, in fact, partially functional in 5 min (data not shown). This suggests that the acylvivo in the absence of phosphorylation when expressed phosphate of CtrA‫ف‬P is intrinsically unstable and/or regin high copy number. As shown in Figure 4B , when the ulated by an efficient phosphatase activity. Thus, the ctrAD51E allele was expressed from the high copy presence of the phosphorylated protein is dependent number plasmid (pCTD14) in the presence of a chromoon an active kinase that functions in predivisional cells somally encoded ctrA⌬3M2 stable allele, CtrAD51E was not detectably phosphorylated in vivo in contrast to and progeny swarmer cells, but not the stalked cells. The ctrA wild-type allele (pXylX::ctrA), the phosphorylation independent allele ctrAD51E (pXylX::ctrAD51E), the stable allele ctrA⌬⍀ (pXylX::ctrAD3⍀) , and the double phosphorylation, stable allele ctrAD51E⌬3⍀ (pXylX:: ctraD51E⌬3⍀), were expressed from the xylose inducible promoter on the high copy number pJS14 plasmid in a ctrA wild-type strain (NA1000). Cells were grown in the presence of xylose to induce the expression of the plasmid-borne ctrA alleles. wild-type CtrA expressed in the high copy number plaschromosomes) for the wild-type control and strains mid (pSAL14) in a chromosomal background encoding bearing plasmids with either ctrAD51E or ctrA⌬3⍀ (Figthe stable CtrA⌬3M2 ( Figure 2B ). The CtrA⌬3M2‫ف‬ 32 P, ure 5A). Strains bearing wild-type ctrA or ctrAD51E on band was faint due to the difference in copy number plasmids showed normal cellular morphology (Figure between the chromosomally encoded allele and the 5B). Expression of the stable ctrA⌬3⍀ allele in a wildplasmid-borne alleles. ctrAD51E complemented the type background resulted in somewhat filamentous temperature-sensitive lethality of the ctrA401 allele and cells, indicating a mild cell cycle defect. These results could support viability as the only copy of ctrA when suggest that regulation by phosphorylation either canexpressed from the high copy number plasmid pCTD14 not completely compensate for loss of CtrA proteolysis, (data not shown). As reported previously, ctrAD51E or can compensate only within certain limits of CtrA failed to complement when expressed from a low copy abundance. Expression of the double mutant yielding number plasmid , suggesting that the an active protein at the wrong time in the cell cycle CtrAD51E protein must be present in relatively high resulted in a dominant lethal phenotype. These cells amounts to approach normal levels of activity.
showed a dramatic increase in the population size of Regulation of CtrA by phosphorylation and proteolysis G1 cells and a corresponding decrease in the population may act in concert to ensure the removal of active CtrA size of G2 cells, indicating a G1 cell cycle arrest. Prior from the stalked cell, thereby restricting the initiation of to cell death, the cells continued to elongate, forming DNA replication to the stalked cell type. To test this filaments ( Figure 5B ). Since ctrA conditional loss-ofhypothesis, we constructed a mutant CtrA protein function mutants accumulate chromosomes at the non-(CtrAD51⌬3⍀) that is active in the absence of phosphorpermissive condition (K. C. Q. and G. Marczynski, unylation and is not turned over during the cell cycle. The published data), the possibility that the ctrA double D51E mutation confers constitutive activity (indepenphosphorylation/stable mutant allele is acting in a domident of activation by phosphorylation cued from the nant negative manner on normal CtrA activity can be signal transduction pathway) and the C-terminal ⌬3⍀ ruled out. Furthermore, the absolute levels of CtrAmutation confers protease resistance. We expressed D51E⌬3⍀ (as assayed by immunoblot) expressed this double mutant, as well as each single mutant and from this construct were comparable to the levels of the wild-type control, from an inducible xylose promoter CtrAD51E necessary for complementation of the temon the high copy number pJS14 plasmid in the presence perature-sensitive lethality of the ctrA401 mutant (data of the chromosomal copy of wild-type ctrA ( Figure 5) . not shown). This indicates that the cell cycle arrest was FACS analysis of cellular DNA content (Winzeler and not due to elevated levels of the CtrAD51E⌬3⍀ but to showed normal distribution of populations of G1 cells (single chromosome) and G2 cells (two a failure in temporally and spatially restricting its activity.
We therefore conclude that the oscillation of CtrA activin both wild-type strains and in a non-turned-over CtrA mutant. We further show that expression of a double ity (normally achieved through both phosphorylation and proteolysis) is necessary for the G1-to-S transition and mutant CtrA derivative, that is active independent of phosphorylation and is resistant to proteolysis, such the progression of the cell cycle.
that an active form of CtrA is present at the wrong time in the cell cycle, resulted in cell cycle arrest at the G1-S Discussion transition. This dominant cell cycle arrest did not occur in strains with either one of the two mutant alleles, demThe CtrA transcriptional regulator controls multiple cell cycle events . These include the initiaonstrating that both proteolysis and phosphorylation of CtrA must be disrupted to arrest the cell cycle. Thus, tion of chromosome replication, the initiation of the flagellar transcriptional cascade that culminates in the the active form of this regulatory factor is controlled both by phosphorylation and proteolysis. Furthermore, biogenesis of the polar flagellum, and the methylation of chromosomal DNA that is essential for cell cycle prothese two processes appear to be regulated independently, since disrupting proteolysis did not alter phosgression . Recently, CtrA was further shown to control the initiation of cell division by regulatphorylation ( Figure 4A ), and abolishing phosphorylation did not disrupt the temporally regulated proteolysis (Figing transcription of the ftsZ gene encoding the tubulinlike cell division protein (A. J. Kelly et al., personal ure 2B). The protein(s) that directly transmits the phosphorylacommunication). These CtrA-regulated events are temporally and spatially controlled during the cell cycle.
tion signal to CtrA has not been identified. However, several phosphorelay proteins involved in regulating the A hallmark of the Caulobacter cell cycle is the expression of asymmetry in the predivisional cell that yields Caulobacter cell cycle (Ohta et al., 1992; Wang et al., 1993; Hecht et al., 1995) are likely to contribute to the progeny with different cell fates. The progeny stalked cell is able to initiate replication and enter S phase, phosphorylation signal that culminates in CtrA activation. Regulated phosphorylation is a critical event in the whereas DNA replication is not initiated in the progeny swarmer cell. The swarmer cell must differentiate into control of a number of bacterial regulatory programs including flagellar biosynthesis in Caulobacter. The rea stalked cell before it can exit G1 and initiate chromosome replication. We have shown previously that a key sponse regulator FlbD has been shown to control the expression of genes involved in late flagellar biogenesis element of DNA replication initiation is transcription from a promoter within the origin of replication (Marczynski (Benson et al., 1994; Wingrove and Gober, 1994) , and it is the targeted phosphorylation of FlbD that ensures et al., 1995). Expression of this promoter is repressed in swarmer cells but not in stalked cells (Marczynski et appropriate expression of these genes Gober, 1996). al., 1995) , and the CtrA response regulator has been implicated as a negative regulator of this origin promoter
We have shown that proteolysis, in addition to phosphorylation, is critical for the control of CtrA and there- . Following DNA replication initiation in stalked cells, transcription of the flagellar genes is fore the Caulobacter cell cycle. What are the signals that initiate CtrA proteolysis during the G1-S transition initiated in mid S phase coincident with the appearance of phosphorylated CtrA. This is followed by the tranand then stop proteolysis in mid S phase? What event associated with cell division signals the activation of scription of the ccrM gene encoding the DNA methyltransferase (Zweiger et al., 1994; Stephens et al., 1996) , CtrA proteolysis in only the stalked compartment of the predivisional cell? The initiation of stalk biogenesis at and by the accumulation of the FtsZ protein (Quardokus et al., 1996) . How does CtrA mediate the timing of these the cell pole is analogous to the initiation of cell division at the midcell (Quardokus et al., 1996) . It may be that events and the asymmetry of the predivisional cell that yields progeny with different fates? The experiments these events contribute, at different times in the cell cycle and at different sites in the cell, to the signal that presented here argue that both cell cycle progression and the asymmetry of the predivisional cell are mediated results in CtrA proteolysis. Immunolocalization experiments suggest that CtrA disappears from the stalked by the temporally and spatially controlled phosphorylation and proteolysis of CtrA.
portion of the late predivisional cell after DAPI staining is lost from the incipient division plane, suggesting that We have shown that CtrA is present in the swarmer cell, is degraded during the swarmer-to-stalked cell chromosome segregation precedes CtrA proteolysis. Thus, the timing of CtrA degradation (at or after the transition (G1-S), and reappears in mid S phase. Then CtrA is selectively degraded in the stalked pole, but completion of chromosome partitioning but prior to cell division) raises the possibility that proteins involved in not the swarmer pole, of the predivisional cell prior to division. CtrA is inherited by the progeny swarmer cell chromosome segregation, or possibly the initiation of cell division, are involved in regulating the onset of CtrA but is absent in the progeny stalked cell. Proteolysis is not the only mechanism responsible for the regulation degradation. Proteolysis that is essential for the progression of the of CtrA activity because a strain expressing a mutant form of CtrA that is not a substrate for proteolysis still eukaryotic cell cycle, is mediated through the ubiquitin conjugating/destruction machinery, a multi-subunit progresses through the cell cycle. We demonstrated previously that CtrA is a member of the response regulacomplex that results in the precise timing of substrate turnover (King et al., 1996) . Neither ubiquitin nor the tor superfamily and must be phosphorylated on Asp-51 in order to be functional . We demonubiquitin target sequences have been found in eubacteria. Examination of the region of the CtrA protein strate here that CtrA is phosphorylated at mid S phase into the BglII/SacI site of pSal14, thereby introducing the ctrAD51E required for turnover, however, did show that the allele into the pJS14 construct. C. crescentus strain LS2535 was hydrophobic C terminus is necessary for regulated procreated by introducing the ⌬ctrA1::spec chromosomal deletion teolysis. The sequence of the CtrA C terminus is similar into C. crescentus NA1000 containing the to the SsrA destruction tag, suggesting that CtrA degrapXylX::ctrA plasmid (described below) by ⌽CR30 transduction (Ely, dation may be mediated by the same proteolytic ma-1991). ctrADD (LS2876), ctrAVV (LS2877), and ctrASS (LS2878) were generated by first cloning an NruI/BclI PCR fragment with the approchinery that is responsible for the destruction of cytopriate C-terminal mutation of ctrA into the EcoRV/BamHI sites of plasmic SsrA-tagged proteins in E. coli. The Clp the pJM22 integration vector (IBI). The PCR fragments containing chaperone/protease system (ClpX/P and ClpA/P) has the C-terminal mutatations were generated using a HinfI fragment been shown to perform this role in E. coli, both in vitro tion from an origin promoter occurs uniquely from the (LS2515) was generated by making an in-frame fusion between the chromosome in the stalked compartment of the predivictrA NruI/HpaI fragment and the M2 epitope tag on the pJM22 sional cell and is essential for cell type-specific replicavector. This generated a ctrA allele where the C-terminal three amino tion (Marczynski et al., 1995) . It has been previously acids were replaced with a peptide tag with the sequence demonstrated that CtrA negatively controls transcrip-GDPDYKDDDK. These plasmids were mobilized into wild-type C. crescentus NA1000 and allowed to integrate at the ctrA locus tion from this promoter . We propose through homologous recombination. The resulting strains exthat once chromosome segregation has occurred, CtrA pressed the ctrA mutant alleles from the ctrA promoter as the only proteolysis is activated in the stalked compartment of copy of ctrA on the chromosome. LS2526 was created by fusing a the predivisional cell allowing transcription of the origin promoterless copy of ctrA⌬3M2 to the xylX promoter (Meisenzahl promoter and replisome formation. Targeted proteolet al., 1997) , integrating it into the xylX chromosomal locus, and ysis has been implicated in the control of several bactetransducing ⌬ctrA1::spec chromosomal deletion into the ctrA locus . The resulting strain expressed ctrA⌬3M2 from rial developmental events including the bacteriophage the xylX promoter, as the only chromosomal copy of ctrA. LS2722 lambda lysis/lysogeny decision (Hendrix et al., 1983) , was created by first rescuing the ctrA⌬3M2 allele and accompanythe B. subtilis sporulation (Pogliano et al., 1997) , and ing vector sequence from chromosomal DNA of strain LS2515. the E. coli stationary phase response (Muffler et al., The rescued plasmid DNA was then integrated at the ctrA locus of 1996). CtrA proteolysis is, to the best of our knowledge, the wild-type strain, NA1000, yielding a strain that expressed a wildthe first example of proteolysis underlying a transition type copy of ctrA as well as the ctrA⌬3M2 allele from the ctrA promoter on the chromosome. The plasmid, pXylX::ctrA, was conin the bacterial cell cycle and therefore adds a new structed by placing an EcoRI fragment containing a promoterless dimension to the role of proteolysis in prokaryotes. copy of ctrA into the pUJ142 plasmid (U. Jenal, personal comThe regulatory network that controls the eukaryotic munication) containing the Xylose inducible promoter on the high cell cycle requires both phosphorylation and proteolysis copy number plasmid pJS14 (Meisenzahl et al., 1997) . Plasmid of key regulatory proteins. The activities of cyclinpXylX::ctrAD51E was constructed by replacing an internal ctrA BglIIdependent kinases control each of the major transitions SacII fragment of pXylX::ctrA with the BglII-SacII fragment of pCTD14. Plasmid pXylX::ctrA⌬3⍀ was constructed by introducing of the yeast cell cycle (Naysmith, 1993) , the G1-to-S the SmaI fragment of the Omega specR cassette (Fellay et al., 1987) transition is controlled by phosphorylation and proteolyinto the unique HpaI site at the ctrA C terminus thereby deleting sis of the cyclin dependent kinase inhibitor p40 SIC1 the final three amino acids and adding a peptide tag (GDPEID), as (Schwob et al., 1994) , and degradation of B-type cyclins above. Plasmid pXylX::ctrAD51E⌬3⍀ was generated by replacing is necessary for entering anaphase (King et al., 1995) . the internal BglII-SacII fragment of pXylX::ctrA⌬3⍀ with the BglIIThus, in a remarkably parallel manner, the transitions of SacII fragment of pCTD14.
the Caulobacter cell cycle and the eukaryotic cell cycle occur by the coordinate control of phosphorylation and Synchronization, Immunoblots, and Immunoprecipitations Pure populations of swarmer cells were isolated as described preproteolysis. The prokaryotic and eukaryotic regulatory viously , resuspended to A660 of 0.4, and allowed proteins differ, but the paradigm has been conserved.
to proceed synchronously through the cell cycle. Samples were taken at 20 min intervals with an average cell cycle length of 160 min. In order to examine progeny cells, synchronous predivisional Experimental Procedures cells were allowed to divide. Following cell division, the progeny swarmer cells were separated from the progeny stalked cells by Bacterial Strains, Plasmids, and Media Caulobacter crescentus NA1000 (wild-type) and derivative strains ludox gradient centrifugation . The stalked cells and the swarmer cells were resuspended in M2 buffer to an abwere grown in peptone-yeast extract (PYE complex media) or M2G (minimal media) (Ely, 1991) . Plasmids were mobilized from E. coli sorbance (A 660 ) of 0.8, and 1 ml of cells was processed for immunoblots or immunofluorescence microscopy as described below. strain S17 into C. crescentus by bacterial conjugation (Ely, 1991) . The temperature-sensitive allele of ctrA, ctrA401, was described
Immunoblot analysis was performed as described in (Gallagher, 1995) . Samples (1 ml) of synchronized populations were centrifuged previously . pSal14 contains wild-type ctrA on the pJS14 high copy number plasmid . pCTD14 at 12,000 g for 1 min and resuspended in Laemmli buffer to a final volume of 100 l. Samples (20 l) were resolved on a 12% SDS was generated by cloning an internal BglII/SacI fragment from a plasmid containing the D51E mutation (pCTD290; Quon et al., 1996) polyacrylamide gel, transferred to Millipore Immobilon P Transfer
